The effect of intravenous treatment with human recombinant tumor necrosis factor alpha (rTNF-oa) on infection of susceptible A/J and resistant C57BL/6 mice with Plasmodium chabaudi AS was examined. Treatment of A/J mice with 103 or 105 U of rTNF-a on days 0, 3, 5, 7, and 9 after intraperitoneal infection with 106 parasitized erythrocytes resulted in 80% survival and a significant decrease in the peak parasitemia level.
Soluble mediators, produced as a result of immune responses, have recently been shown to play an important role in host defense against infection. Of particular interest is the monokine tumor necrosis factor alpha (TNF-a), or cachectin, which is produced and released primarily by activated macrophages following exposure to lipopolysaccharide derived from gram-negative bacteria (17) . In addition to its cytotoxic effect on tumor cells, TNF-ax has a broad spectrum of immunomodulatory effects on a variety of cells, including macrophages, neutrophils, lymphocytes, and endothelial cells, as well as hematopoietic progenitor cells (20, 28 ; for a review, see reference 1).
Since the original description of this molecule as tumornecrotizing activity in the sera of mice infected with Mycobacterium bovis BCG, and injected with lipopolysaccharide (4) and as cachectin in the sera of rabbits infected with Trypanosoma brucei brucei (21) , both the endogenous and lipopolysaccharide-induced molecules have been detected in the sera of mice infected with Listeria monocytogenes (14, 19) and with various species of Plasmodium (5, 9, 11) as well as in the sera of patients with malaria (22) . With the availability of the recombinant molecule, the ability of TNF-a to mediate enhanced resistance in vivo to listeriosis and malaria has been documented (8, 10, 26) .
In the present investigation, we have examined the effect of treatment with human recombinant TNF-a (rTNF-a) on host resistance to infection wit;i Plasmodium chabaudi AS in susceptible A/J and resistant C57BL/6 hosts. Our laboratory has previously demonstrated that the level of resistance to infection with this rodent malaria species among inbred strains of mice is genetically determined by a major dominant, autosomal, non-H-2-linked gene which we have desig-* Corresponding author.
nated Pchr (23, 24) . This observation was initially made in the segregating backcross and hybrid populations derived from resistant C57BL-derived B10.A and susceptible A/J parental mice. We have subsequently confirmed unigenic control of resistance to P. chabaudi AS by typing AXB/BXA recombinant inbred mouse strains derived from progenitor C57BL/6 and A/J mice (25) (23) . In some experiments, A/J mice were infected with 107 PRBC. rTNF-a (2.51 x 107 U/ml) was obtained from Michael Shepard, Genentech, San Francisco, Calif. On days 0, 3, 5, 7, and 9 after infection with P. chabaudi AS, experimental mice were injected intravenously (i.v.) with 0.2 ml of various doses of rTNF-a diluted in sterile phosphatebuffered saline (GIBCO, Burlington, Ontario, Canada). Control animals were untreated. The course and outcome of infection were monitored in control and experimental mice. To determine the course of infection, blood samples were collected by bleeding via the retro-orbital plexus at the indicated times. Parasitemias of individual mice were determined by counting 100 erythrocytes on Wright-stained thin blood smears prepared in duplicate. The parasitemia is expressed as the mean percentage of PRBC ± the standard error of the mean for each group of mice. The outcome of infection was determined by daily observation and calculation of the MST ± the standard error of the mean.
Following i.p. infection with 106 P. chabaudi AS PRBC, susceptible A/J mice exhibited a course of infection characterized by a prepatent period of approximately 3 days (Fig.  1A ). This was followed by a patent period during which the parasite multiplied and there were increasing numbers of parasites in the peripheral blood, resulting in a fulminant level of parasitemia of approximately 50% PRBC and the death of 100% of the animals, with a MST of 10 days (Fig.  1B) .
The ability of rTNF-a to enhance the resistance of susceptible hosts to P. chabaudi AS infection was investigated by treating A/J mice with 105 U administered i.v. on days 0, 3, 5, 7, and 9 after i.p. infection with 106 PRBC. Treatment with 105 U of rTNF-a resulted in a significant difference in the level of peak parasitemia, which occurred on day 7, between treated and untreated (control) animals (Fig. 1A) . Control mice had a peak parasitemia of 49.6 ± 1.6% PRBC, while mice treated with 105 U of rTNF-a had a peak parasitemia of 38.6 ± 2.0% PRBC (P < 0.001). In addition, 80% of the rTNF-a-treated A/J mice survived the normally lethal infection (Fig. 1B) .
The effect of a dose of 103 U of rTNF-a on the resistance of susceptible A/J mice to infection with 106 P. chabaudi AS PRBC was also examined in the same experiment ( Table 1) . As with mice treated with 105 U of rTNF-a, animals treated with this lower dose exhibited both 80% survival and a significant decrease in the level of peak parasitemia, which was evident on day 7 postinfection (P < 0.001).
In order to determine whether treatment with rTNF-a is protective against a larger inoculum of the malarial parasite, A/J mice were infected i. this group of mice maintained a plateau through day 7. Thereafter, the parasites were rapidly eliminated such that the parasitemia was <2% on day 11 postinfection. All surviving A/J mice infected with either 106 or 107 PRBC and treated with rTNF-a had 0 to 2% PRBC at 21 days postinfection. Four weeks later, the surviving animals were reinfected i.p. with the same number of PRBC used to initiate the primary infection. The mice were fully protected against the secondary malaria infection such that the parasitemia levels of these animals were 0 to 1% at days 7 and 14 after reinfection (Table 1) .
Resistant C57BL/6 mice were also treated with rTNF-a, and the course of infection with 106 P. chabaudi AS PRBC was examined. In contrast to susceptible A/J mice, who succumbed to fulminant parasitemia and died after this dose VOL. 57, 1989 : of PRBC, C57BL/6 hosts were resistant and survived. C57BL/6 mice exhibited a course of infection characterized by a prepatent period, parasite multiplication between day 3 and the peak parasitemia level (which was less than 50%), and then elimination of the parasite, during which time there was control of the infection and decreasing parasitemia (Fig.  2 ). C57BL/6 mice treated with 105 U of rTNF-oa had a course of infection similar to that of control animals. The effect of treatment with various doses of rTNF-a on the course of P. chabaudi AS infection was also examined in resistant C57BL/6 mice. Lower doses (103 or 104 U of rTNF-a) were without effect on the course of infection in these animals (data not shown). Treatment of C57BL/6 mice with 5 x 105 U of rTNF-a on day 4 postinfection with 106 PRBC, however, resulted in the death of 100% (five of five) of the animals within a few hours after treatment (data not shown). At the time of treatment, the parasitemia of these animals was approximately 4%. Clark and his colleagues (5, 8) have likewise observed that high doses of rTNF-a had an adverse effect on mice infected with either P. chabaudi adami or P. vinckei, with parasitemias as low as 1%.
-----------------------------
Intravenous treatment with rTNF-a thus enhanced the resistance of susceptible A/J mice to infection with P. chabaudi AS but did not alter the level of resistance of resistant C57BL/6 hosts. Treatment of A/J mice with 105 as well as 103 U resulted in 80% survival and a significant decrease in the peak parasitemia level following infection with 106 PRBC. We observed that 105 but not 103 U resulted in increased survival but did not alter the peak parasitemia level following infection with 107 PRBC. All surviving A/J mice, however, completely eliminated the parasite by approximately 4 weeks after infection and were fully protected against a secondary infection, indicating the development of both primary and secondary immunity to this normally lethal infection.
Treatment of resistant C57BL/6 mice with a high dose of rTNF-a resulted in the death of 100% of the animals even though they had low levels of parasitemia. This observation suggests that C57BL/6 hosts can produce a level of endogenous TNF-a adequate for elimination of the infection. The toxicity of the endogenous plus the exogenous TNF-oa suggests that in excess this molecule is harmful to the host. Clark and his colleagues (5-7) and several other investigators have concluded that TNF-oa mediates much of the pathology associated with malaria, including cerebral malaria (11) and anemia (5, 18) . Thus, TNF-a is effective in mediating resistance to infection but is deleterious to the host in excess.
The observation that A/J mice, which we have previously shown to be susceptible to infection with P. chabaudi AS because of the inheritance of Pchrs, the susceptibility allele of the putative Pchr gene (23, 24) , can be protected against an otherwise lethal infection by treatment with rTNF-oa suggests that production of this molecule in response to P. chabaudi AS infection is the basis of the genetic difference between A/J and C57BL/6 mice. However, such a conclusion cannot be made without formal proof of genetic linkage between the traits of resistance to P. chabaudi AS and the ability to produce TNF-a. As a preliminary step to such studies, we are currently examining the ability of A/J mice to produce TNF-a in response to infection.
The mechanism of action of endogenous TNF-a on host resistance to infection is not yet defined. Treatment with rabbit anti-murine TNF-a immunoglobulin was found to abrogate the resistance of mice to a sublethal inoculum of Listeria spp. (14, 19) . Nakane and colleagues (19) further demonstrated that anti-TNF-a-treated mice produced normal levels of alpha and beta interferons in the bloodstream but did not develop activated, bactericidal macrophages in the peritoneal cavity during infection. This observation suggests that endogenous TNF-a directly activates macrophages. In concurrence with this observation is the finding that in vitro treatment of infected macrophage monolayers with rTNF-a inhibits the intracellular multiplication of Trypanosoma cruzi but has no effect on extracellular trypomastigotes (27) .
It is likely that TNF-a has a similar mechanism of action during malaria, that is, activation of another cell type rather than a direct cytotoxic effect on the parasite. It has been observed that the recombinant molecule enhances host resistance in vivo but is not cytotoxic to the intraerythrocytic parasites in vitro (15, 16, 26) . The mechanism by which TNF-a enhances resistance to malaria may occur via activation of macrophages and thus may be nonspecific in nature. Conversely, since TNF-a-treated A/J mice which survived infection with P. chabaudi AS were immune to reinfection, TNF-a may activate T lymphocytes, thereby imparting specificity to the enhanced resistance. We are currently investigating these alternatives by using the model of P. chabaudi AS-resistant C57BL/6 and -susceptible A/J 
